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PURPOSE 

Determine the cause of the  severe vibration of the out le t  
gare st ructure  (tower) during operation of t he  upper and lower cylinder 
gates and evolve a means of reducing or eliminating t h i s  vibration. 

CONCLUSIONS 

1. Extreme turbulence with rapid changes i n  pressure or ig i -  
nating frsn the diss ipat ion of energy within the tower s t ructure  
c k e s  vibration of the s t ruc ture  during operation of the cylinder 
gates a t  pa r t i a l  openings. 

2. The vibration character is t ics  of t he  prototype s t ructure  
could be evaluated only qual i ta t ively by model studies,  because it 
was infeasible t o  obtain s imi la r i ty  for the physical properties of the 
model and f i e l d  s t ructure .  

3 .  The vibration in tens i ty  w i l l  vary depending on the manner i n  
which the  two cylinder gates and six i n l e t  s l i d e  gates are used t o  
control t he  outflow. 

4. As the Power cylinder gate is opened, while the s i x  i n l e t  
s l i d e  gates are open, the vibration intensi ty  increases t o  a rnaxbum 
as  the  diecharge reaches about 2,500 cfs  (cumre d, Figure 8). The fn- 
tens i ty  then decreases util a t  f u l l  gate opening it is about 40 percent 
cf the  maxhtum. With th+8 methcd of operation vibration is indicated 
t o  be quite severe a t  1,'500 c i s  dischwge (curve b, Figure 10). 

5. The vibration is sbilar whethar thc cylinder gates are 
I 

operated singly or slmultaneomly. 



be reduced approximately 3.3 times by leaving the lower cylinder 
gate open and regulating the outflow through equal openings of the 
s i x  i n l e t  s l ide  gates. This uperating procedure and the openinu of the 
upper cylinder gate a f t e r  the s i x  slide-gates are fully opened w i l l  
pennit releases t o  the tower capacity (&out 3,950 c f s )  without ex- 
oaa a i tra r r l  hra+ i an 
" W Y Y L  .w V A V L C L V A V C L .  

7. The placing of a control, such as a s l ide  gate or  but terf ly a 

valve at the downstream end of the outlet  conduit, w i l l  reduce the 
vibration about 7.8 times over tha t  f o r  the condition where the dio - 
charge i s  controlled by the s i x  in le t  s l ide  gates. 

8. Rating curves fo r  various combinations of the s i x  in le t  
s l ide  gates, w i t h  the lower cylinder gate open, are contained on 
Figure 12. m e  capacity of' the outlet  with the lower cylinder gate 
and the s i x  s l ide  gates- fu l ly  upened is  about 3,600 cfs: The 3y950 
cfs maximum flow is obtained by apening the t ~ ?  cylinder gate a f t e r  
&I-- -i-.-- ----ia-a-- --A- -113- n.----. c u r  ~ w w r s r  cyuuurr w.se ana s u a e  ga-ces are r u ~ y  open. 

RECOMMENDATIONS 

1. Control the out let  discharge with the s i x  existing s l ide  
gates by operating the gates i n  a symmetrical pattern such as 
indicated by the rating curves of Figure 12. 

2. Consider the ins ta l la t ion  of a s l ide  or other suitable discharge 
control in  the discharge conduit if the tower is ever rehabili tated. 
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INTRODUCTION 

Keechelus Dm, canpleted i n  1917, i s  located approximately 
75 miles southeast of Seat t le  on the Yakima River near Easton, Washington 
( ~ i g u r e  1 ) .  The reservoir behind th i s  dam, with Kachees and Cle Elum 
~ e s e r v o i r s  nearby, is  used for flood control and irr igat ion storage. 
Keechelus Dam is  an ear th - f i l l  structure approximately 100 f e e t  high 
above the streem bed and 6,500 f e e t  long. An uncontrolled apillway with 
crest a t  elevation 2515 is located at the l e f t  abutment of the dam. 



right of the spillway. It consists of a-gate tower 300 feet upstream 
f r m  the axis of the dam and within the reservoir and approximately 
450 feet of 11-foot 10-inch-high horseshoe-shaped conduit passing 
through the dam to a channel downstream (~i~ures 2, 3, and 41 The 
concrete gate tower structure contains two concrete cylinders, the 
outer being 1 foot eccentric with respect to the inner. The inner 
cylinder varies in inside diameter from 12 feet 3 inches at the 
bottom to 14 feet 9 inches at the top by steps in wall thickness which 

s 
varies f r m  3 to 2 feet. The bottom of this cylinder is at elevation 
2406 and the top at elevation 2525, 5 feet above the maximum reservoir 
elevation. Nine openings 4 feet high and approximately 3.2 feet wide 
at two levels, elevations 2415 and 2470, forn water passages through 
the inner cylinder. They are controlled by two 12-foot-diameter cylinder 
gates operated from the gatehouse on top of the inner cylinder. There 
are nine pier flow guides at each elevation (~igure 4, Section D-D). 
Three of the flow guides are 120 degrees apart and extend as vertical 
separating walls between the inner and outer cylinders. One of the 
three walls is located on the outlet center line directly above the 
entrance of the outlet conduit and is the full height of the space 
between the inner and outer cylinder. The other two walls are not 
continuous but have 4-foot-high openings with bottom elevations of 
2440 and 2448. The tops of these walls are at elevation 2474 and the 
bottoms at elevation 2430. A 27-foot 9-inch-inside-diameter outer 
cylinder extends from elevation 2415 to elevation 2474 and has a 
3-foot-thick wall. The inlet to the gate tower contains six 7-foot- 
high by 3-foot-wide slide gates separated by piers. They are spaced 
on approximately 30 feet of the circumference of a 54.5-foot radius 
circle having its center on the outlet works center line 29.5 feet 
downstream of the innw cylinder center. Water is passed radially 
through a portion of the outer cylinder into the space between the 
two cylinders, then through the cylinder gate apertures into the inner 
cylinder and out through the outlet conduit. The invert of the conduit 
intersects the inner cylinder at elevation 2424.3. A vertical pier 
2 feet thick and 11 feet long on the outlet center line divides the 
conduit entrance. A transition from the rectangular entrance to the 
horseshoe-shaped conduit is accmplished in a distance of 36 feet. 

A paragraph included in a letter to the Regional Director 
from the Yakima Project dated March 6, 1950, subject: "Spillway 
repairs--Keechelus Dm--Yakima Project, Washington," stated the prob- 
lem as follows: 

"Regarding vibration conditions in the owlet gate structure, 
experience has shown that vibration develops to an alarming 
extent when discharging about 1,500 cfs. The psoblem arises 
fron rather explosive blasts of entrapped air which blow upward 
through the gatehouse with violent force. Simultscneous opening 



because of severe vibration effect which develops when that 
is done. I' I 

Apparently the vibrations were transmitted throughout the 
gate structure since they were experienced from the gatehouse which 
is above the water surface. A  flow condition transmitting pressure 
changes to canponent Farts of the structure could cause the vibration 
as described fran the "explosive blasts of entrapped air" and the 
"severe vibration effect" for simultaneous opening of both lower and 
upper cylinder gates. The laboratory constructed a scale model of the 
tower and outlet conduit to deternine the cause of the vibration and 
to find ways of eliminating or reducing it. 

OUTLrm WORKS INVESTIGATION 

The Model 

The model used to investigate the vibrdtion was a 1 to 15 
scale, metal, wood, and plastic structure (~igure 5A) . The model tower 
was attached to a reservoir head box with flanges which allowed the 
upstream half of the outer cylinder and the inlet structure to be con- 
tained within the head box. This arrangement gave sufficient space for 
water to circulate abou"Yhe partion of the outside cylinder contained 
in the head box (~igure 5 ~ )  even though the prototype tower is completely 
surroundea by water. With the inlet to the tower located near the bottom 
of the structure, any effect on entrance-flow conditions due to submerg- 
ing only half of the model tower was negligible. ?!be downstream half 
of the tower cylinders, cylinder gates and apertures, and the exit con- 
duit is visible from outside the head box. Six slide gates were made of 
1/16-inch galvanized iron and placed in slots cut in the inlet piers 
(~igure 5 ~ ) .  The slide gate stems passed outside and between the head 
box and the upper past of the inner cylinder (Fiwe 5 A ) .  The cylinder 
getes were constructed and machined of brass to a scaled weight of approx- 
imately 7.5 pounds. A screw-lift bracket was mounted on a platform above 
the model and attached to the three gate stems of each cylinder gate. 
The 1/4-inch bronze gate stems were bolted ta the gate-lift brackets. 
No stem guides were provided on the model $ate structure. The rectangular 
and horseshoe-shaped parts of the exit conduit were of plastic with the 
transition formed from 20-gage galvanized iron. All piers and flow guides 
were constructed of wood. Water, supplied by a centrifugal pump and' 
measured by Venturi meters, passed through an 8-inch gravel baffle to be 
evenly distributed as it entered the model reservoir. Reservoir elevations 
and pressure measurements were read from water manometers. 



The model was first operated at various reservoir  elevations, 
discharges, and combinations of openings fo r  the two cylinder gate 
controls.  This was done t o  observe flow conditions which rnight be con- 
ducive t o  the forces which caused the prototype s t ruc ture  t o  vibrate.  
Rapid, violent ,  and i r regular  flow disturbances In the  form of surges 
occurred within, the inner cylinder. These surges were recorded on 
photographs, using an electronic flashlamp and camera. This method was 
used because illumination by flashlamp penetrated and defined the  surge 
be t t e r  than ordinary floodlighting. Typical surges were recorded a t  
50 percent cylinder gate opening f o r  a discharge of 1,800 cfs  and reser-  
voir  elevation 2467.5, and a discharge of 2,720 cfs  and reservoir  e le-  
vation 2520 (~ igu re s  6 and 7). 

Water flowed through the  nine passages a t  the  lower cylinder 
gate t o  the inner cylinder and formed large randcan eddies and surges. 
In general, the water flowed across the inner cylinder toward the  
e x i t  conduit. Periodically, an unstable r o l l e r  formed and ro ta ted  i n  
a ver t ica l  plane back toward the  upstream side within the inner cylinder. 
The i n s t a b i l i t y  of the  r o l l e r  and eddies affected the flow in to  the con- 
du i t  entrance causing a f luctuat ion of the  discharge. During the period 
tha t  the outflow from the inner cylinder was retarded, the  inflow under 
nearly constant head from the  outer cylinder and reservoir  was stored 
and increased the inner cylinder depth. With the increased depth i n  
the  cylinder, more of the inflow energy was absorbed, the  eddies sub- 
sided, and the  discharge again increased. This surging explained the 
statement "* * * ra ther  explosive b las t s  bf entrapped a i r  which blow 
upward through the gatehouse with violent force" contained i n  the are-  
viously c i ted  l e t t e r .  The upward surging water which acted as a large 
pis ton compressed the a i r  within the inner cylinder and forced it rapidly 
through the gatehouse. Although not specif ical ly  mentioned i n  the  l e t t e r ,  
a rzversal  of t h i s  process should occur with l e s s  noticeable force as the 
surge recedes and creates a low pressure within the. tower. Fram observa- 
t ions  and tes t ing ,  the surges and the quantity of water concerned were 
su f f i c i en t ly  large tc! produce pressure forces which caused a vibration of 
t he  gate tower. If the surges had not been so  rapid and the  water surface 
within tile tower not so  turbulent, the  forces acting on the  tower would 
have been more equally dis t r ibuted,  and the vibration l e s s  noticeable. 
However, with the extremely turbulent conditions, the tower was subjected 
t o  unequal pressure d i s t r ibu t ion  and rapidly changing dynamic forces. 

Discharge Controlled by the Lower Cylinder Gate 

The surging o r  f luctuat ing flow conditions which caused vibration 
of the  s t ructure  were studied by comparing the rate a t  which the  tower 
absorbed energy from the flow action. Since the  surging indicated an 
*rrpste8dy condition of head loss  through the cylinder gate apertures, 



energy dissipation within the tower, In t h i s  dcfiiation, P i s  horsepower, 
Q is  .the d i scha~ge  i n  cubic f e e t  per second, is water weight i n  pounds 
per cubic foot ,  h i s  the  average head loss  between outer and inner 
cylinders,  and 550 i s  the  number of foot  pounds per second f o r  one 
horsepower. 

This analysis was applied t o  the lower cylinder gate ( ~ i g u r e  8 ~ ) .  
Discharge and average head loss  data from outer t o  inner cylinder were 
obtained f o r  cylinder gate openings of 10 t o  100 percent. From these 
data ,  the average horsepower dissipated i n  the prototype tower and the 
average horsepower dissipated per foot of inner cylinder depth f r m  
elevation 2405 were computed (Figure 8 ~ ,  Curves c and d ) .  A maximum 
average energy dissipation of approxianately 13,800 horsepower, or 
270 horse~ower ger  foot  of inner cylinder depth, occurred a t  about 
52 percent gate opening f o r  a discharge of approximately 2,700 c fs .  
A t  t h i s  discharge and qpening, the maximum and minimum computed values 
were 15,200 and 9)gOO horsepower. 

, Two schemes were t r i e d  i n  the model t o  reduce the vibration 
without a major revision of the tower. The f i r s t  scheme was t o  regu- 
l a t e  the  flow with the s i x  7-foot-high by 3-foot-wide s l i d e  gates with 
the lower cylinder gate f u l l  q e n .  The second scheme was t o  place a 
regulating gate i n  the discharge conduit with the s l i de  gates and lower 
cylinder gate f u l l  upen. The upper cylinder gate was kept closed f o r  
a l l  t e s t s  on these two schemes. 

Discharge Controlled by Six Sl ide Gates, Equally C~ened 

Discharge and head loss  data  fo r  equal openings of the s i x  
s l i d e  gates were taken with the lower cylinder gate f u l l y  open. The 
head loss  measured was tha t  from the outer t o  the inner cylinder. 
Values on Curves c and d of Figure 8~ show a maximum energy diss ipat ion 
with the s l i d e  gates f u l l y  opened. This maximum of 7,400 horse7ower f o r  
ths  s l i d e  gate control compares t o  the maximum of 13,800 horsepower f o r  
the cylinder gate control. A vibration reduction of approximately 3.3 
times was indicated by the energy dissipation curves of the two control ^ 

methods. The dissipation of energy i s  now confined t o  the water between 
the inner and outer cylinder. Vibration measurements a t  a discharge of 
2,700 c fs  were made on t h e  model t o  check the tower movement with respect 
t o  the energy absorbed f o r  the cylinder and s l i de  gate controls.  

Vibration Measurements 

The f l a t  surfaces of the sheet metal t rans i t ion  between the 
model tower and ex i t  conduit ( ~ i g u r e  5A) were vibrated by the water 
surges s o  a vibration meter, which measured frequency and velocity of 



distance equivalent to 29.4 feet prototype downstream of the outer 
cylinder center. This vibration meter was a small alternating-current 
electricity generator in which the magnetic field of a permanent mag- 
net was cut by a wire coil as the magnet moved at the frequency and 
velocity of the flat surface of the transition. The output voltage 
deflected a galvanometer in a recording oscillograph to produce an 
oscillogram trace whose amplitude was proportional to the velocity of 
displacement of the flat surface of the transition. The values of the 
vibration frequency and velocity of displacement of the model transi- 
tion surface could only qualitatively represent the vibration charac- 
teristics of the prototype concrete transition because of the difference 
in physical properties of the two structures. Traces of approximately 
30 seconds at a paper speed of 1.5 inches per second were made for each 
10 percent opening of the cylinder gates and six slide gates for. the 
same flow conditions used in the energy dissipation studies. Represent- 
ative traces of the transition vibration for a 45 percent cylinder gate 
opening and 50 percent opening of the six slide gates for a discharge 
of 2,500 cfs are shown on Figures 9A and 9B. 

Traces of pressure variation at the bottom of the transition 
4 inches upstream of the vibration pick-up were also transmitted to the 
oscillogram by a reactance-type pressure cell. connected to a piezmeter 
(~igures gA and 9 ~ ) .  The average trace amplitude (average velocity) w a s  
used to compare the slide gate control to the cylinder gate control. The 
percent indicated vibration for any gate opening is the average trace 
amplitude (velocity) for that opening divided by that for the full open- 
ing. The percent indicated vibration for any gate position was camnon 
t~ both schernes, since the conditions for full gate opening were the 
same in both cases. 

Indicated vibration of the tower using the later cylinder 
gate only reached a maximum at approximately 2,500 cfs (curve a, Figure 10). 
The energy dissipation per foot of depth reached EL maximum at approximately 
2,700 cfs (curve b, Figure 10). Both curves are of similar shape and 
indicate the tower will absorb maximum energy and have maximum vibration 
at approximately the same discharge and gate opening. 

With the discharge controlled by the six slide gates equally 
opened, the energy dissipation per foot of depth and the indicated vi- 
bration of the tower were a maximum at 100 percent gate opening (~igure 10, 
Curves c and d). The indicated vibraticn with the cylinder gate control 
was found to be 4.8 times that for the slide gates at a discharge of 
2,500 cfs (~igure 10). A reduction in tower vibraticn should result from 
controlling the discharge with the slide gates. 

b 
The project letter stated that vibration was severe fl-th a 

discharge of 1,500 cfs controlled by the lower cylinder gate. No 



elevation of approximately 2515 appears possible from the elevation of 
the debris on the lake banks ( ~ i g u r e  2 ) .  Based on the model resu l t s ,  
the vibration f o r  the s l i d e  gate control  would be 23 percent of t ha t  f o r  
the cylinder gate control a t  t h i s  discharge and head ( ~ i g u r e  1 0 ) .  Some 
a i r  movement within the gatehouse w i l l  be encountered, when the  s l i d e  
gates are  used because of surging, but it should be l e s s  than f o r  the 
cylinder gate control .  

Discharge Control i n  Exit Conduit 

From the foregoing s tudies  it was concluded tha t  the vibration 
of the  s t ructure  could be reduced and p ~ s s i b l y  eliminated by placing a 
control  a t  the entrance or ex i t  of the discharge conduit. I f  the  con- 
du i t  were unable t o  withstand reservoir  head, t h i s  control  would have t o  
be located a t  the conduit entrance, otherwise it could be placed anywhere 
i n  the conduit. 

A piece of 16-gage galvanized i ron was cut t o  f i t  the  shape of 
the  discharge conduit and fastened t o  a shaf t  i n  a ve r t i ca l  posit ion t o  
represent a bu t te r f ly  valve located !% f e e t  downstrean! of the outer 
cylinder center ( ~ i g u r e  5 ~ ) .  This positJon was selected because the  cost  
of i n s t a l l i ng  model gates o r  valves within the tower was prohibitive, and 
the p l a s t i c  conduit and joints used i n  the model would not withatand the  
pressure when the valve was located a t  the e x i t .  Moreover, conditions 
within the tower would be s imilar  i n  both cases, so  the location was not 
important. Satisfactory t e s t  resu l t s  were obtained f o r  comparison with 
the cylinder and s l i d e  gate data.  With the s l i d e  gates and lower cylinder 
gate f u l l y  open and the discharge controlled by the but terf ly  valve, the 
tower head losses were a minimum. The major head loss  occurred across 
the  bu t te r f ly  valve. With a valve located a t  the  entrance or within the 
conduit, some means would have t o  be provided i n  the  conduit t o  diss ipate  
the  energy of the discharged j e t .  With a valve a t  the  ex i t  of the con- 
du i t ,  a s t i l l i n g  basin wculd have t o  be provided. 

Again, the  indicated vibration curve was s imilar  t o  the energy 
diss ipat ion curve. For a discharge of 1,500 c f s  using the energy curves 
of Figures 10 and 11, the energy dissipated per foot is 2 percent of t ha t  
f o r  the cylinder gate control and 13 percent of t ha t  f o r  the  s l i d e  gate 
control. The discharge and head loss  curves pertain only t o  a but te r f ly  
valve i n  the s e t t i ng  tested.  A discharge control located i n  the  e x i t  
conduit w i l l  r e su l t  i n  less  tower vibration; thus, a control  i n  the ex i t  
conduit should be considered i f  the ou t le t  works s t ructure  is  ever 
rehabil i tated.  



The model s l i de  gates were rated i n  various cmbinations of 
the s i x  gates--each gate e i t he r  ful1.y opened or f u l l y  closed. They were 
ra ted i n  t h i s  manner because it was questionable if t h e i r  condition, 
a f t e r  34 years of use,, would permit operating them f o r  extended periods 
a t  the  more severe conihtions f o r  p a r t i a l  openings. With a reservoir  
elevation of 2520, the  maximum diecharge was 3,950 cfs  f o r  the  ou t le t  
works tower with the s l i d e  gates'and two cylinder gates f u l l y  open, 
With the u per cylinder gate closed, the discharge was reduced t o  
3,600 cf s t' Figure 12) .  The value of 3,600 cf s , from Figure 12, i s  i n  
disagreement by 11.4 percent with the value of Figures 8 and 11. This 
was a t t r ibu ted  t o  the lower cylinder gate being wedged i n  a pa r t i a l l y  
closed posit ion during t e s t s  recorded on Figures 8 and 11. The e f fec t  
of the  pa r t i a l l y  closed gate on the vibration r e su l t s  is considered 
negligible.  





'VIBRATION STUDIES - KEECHELUS OUTLET WORKS 
View  of Keeche lus  Dam - 1949 



A .  Exit  channel of Keechelus Outlet Works 

Figure 3 
Report Hyd 342 

B. Exit  of Keechelus Outlet Works conduit 

VIBRATION STUDIES - KEECHELUS OUTLET WORKS 
View of Outlet Works Exit - 1049 
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REPORT HYD. 3424 

t 1 



B. Inlet t o  g a t e  tower 

VIBRATION STUDIES - KEECMELUS OUTLET WORKS 
I to  15 Sca le  Model  Outlet Works 

Figure 5 
Report  Hyd 342 

A. Gate tower  and exit conduit 



Figure 6 
Report Hyd 342 

VIBRATION STUDlES - KEECHELUS OUTLET WORKS 
Flow distrubance in model gate tower--Discharge 1800 c f s  

Reservoir Elevation 2467.5--Lower ring gate 50 percent open 



VIRRI ITION STCTIIIES - KEECI-1ELUS OUTLET WORKS 
F l o w  d i s t u r b a n c e  i r l  rnodel Sate tower- -Discharge 2720 cfs 

I<eservoir Elevatior? 2520--Lower ring gntc 50 percent open 





Figure 9 
Report Iiyd 342 

A.  Trace  from pressure  c e l l  (1 )  and vibration meter (2)--lower 
ring gate 45 percent open--discharge 2500 cfs, reservoir  
elevation 2520 

B. Trace  from pressure  c e l l  (1) and vibration meter (2)--6 slide 
gates 50 percent open--discharge 2500 c f s ,  reservoir  elevation 
2520 

VIBRATION STUDIES - KEECHELUS OUTLET WORKS 
Model Vibration Oscillograrns 





V1BRATIO)I STUDIES- KEECHELUS OUTLET WORKS 
Tower performance using a butterfly valve t~ control discharge 



REPORT HYD. 342 
.. a 

DISCHARGE - CUBIC FEET PER SECOND 

Instollotion consists d double walled circulor pate tower, At reservoir w.S. El. 2520. and with slide. qotes ond 
Flow from rererroir  t o  outer chombcr is controlled by bwer cylindrr pate full own. by opcnlng the u W r  

6 $-foot by ?-foot slide gates, with sill at El. 2424.25. cylinder gate, d i r h a q e  is increosed from 3600 c's. 
Requlotion of flow from outer chamber into conduit is to  ,950 c f . ~ .  
by meons of two 12-foot diameter by 4-foot high Data obtained from tests on 1:15 scale model. 
cylinder pates, with sills at  ~ l .  2415 end 2470 ropectively. 

Invert d entmnce to slide pate q m i t y s  is at  E l  2425. 
Golibration based on follor~ng mnd~tcons: 

Slide qote o r  gates lul l  open. 
Lower cylinder pote full open. 
Upper crlinder gate closed. 
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